Density functional calculations have been performed for the carbon monoxide molecule adsorption on Au n Pd + m (n + m ≤ 6) clusters. In the process of CO adsorption, small Au clusters and Pd clusters tend to be an Au atom and three Pd atoms adsorption, respectively. For the mixed Au-Pd clusters, an Au atom, a Pd atom, two atoms consisted of an Au atom and a Pd atom, two Pd atoms, and three Pd atoms adsorption structures are displayed. The highest occupied molecular orbital-lowest unoccupied molecular orbital (HOMO-LUMO) gaps and natural bond orbital charge population are calculated. Moreover, CO adsorption energy, CO stretching frequency, and CO bond length (upon adsorption) are also analysed in detail. The results predict that the adsorption strength of Au clusters with CO and the C-O vibration strength is enhanced and reduced after doping of Pd in the Au n Pd m CO + complexes, respectively.
Introduction
Transition bimetallic clusters have been utilized in technologically important areas ranging from catalysis [1 -3] to optoelectronic [4] , magnetic [5] and even medical applications [6] . These widespread applications are due to the rich diversity of compositions, structures, and properties of metallic alloys. Particularly, the impurity-doped gold clusters [6 -13] always exhibit more favourable and typical aspects of chemical activities than their pure host metals. Among the candidate systems which have been investigated, the Au-Pd bimetallic clusters [7 -13] attract more attentions because of their particular physical and chemical properties. Experimentally, Liu et al. [7] have characterized the system by transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectrometry (XPS) to illustrate the formation of bimetallic Au-Pd colloids. By anion photoelectron spectroscopy, Koyasu et al. [8] have also measured the electron affinities (EA) and the vertical detachment energies (VDE) for binary Au-Pd cluster anions. Theoretically, the geometric and electronic properties of neutral and charged Au n Pd (n = 1 -4) clusters [10] have been studied by use of density functional theory. Zanti andPeeters [11] have shown a continuous and logical evolution of structural, electronic, and energetic properties of bimetallic Pd n Au m clusters. However, to the best of our knowledge, there are very limited theoretical works on the detailed study for the cationic Au n Pd + m (n + m ≤ 6) clusters. On the other hand, Au-Pd bimetallic nanoparticle catalysts exhibit good stability and excellent reactivity toward a number of chemical reactions, such as aromatics, hydrogenation, CO oxidation, and vinyl acetate synthesis [14 -16] . In addition, the dopant atoms tend to decrease the reactivity of the pure gold clusters with CO for the Ag m Au + n and Cu m Au + n cluster [17 -20] . But how does the dopant of palladium affect the reactivity of gold clusters with carbon monoxide? Furthermore, are their structures and properties greatly distinct from the pure cationic gold and palladium clusters? In order to explore further insight of carbon monoxide adsorption on Au-Pd clusters, we have investigated the evolutions of geometries, stabilities, and electronic properties of Au n Pd + m clusters and their monocarbonyls. The aim of the present work is:
(i) to determine the most stable geometrical structures of the Au n Pd + m (n+m ≤ 6) clusters and their monocarbonyls; (ii) to investigate the electronic properties of cluster without and with the adsorption of CO; (iii) to explore the adsorption strength between
Au n Pd + m and CO.
Computational Details
Geometrical structures, together with the frequency analysis of the Au n Pd + m clusters and their monocarbonyls are optimized with GAUSSIAN03 package [21] . For gold and palladium atoms, the full electron calculation is rather time-consuming, so the relativistic effective core potentials (RECP) [22, 23] are introduced. Then, the Stuttgart/Dresden double-zeta SDD [24, 25] basis set is adopted to describe the gold and palladium atoms in our calculation. The standard allelectron basis set 6−311+G (3df) is adopted for carbon and osxgen, which includes polarization and diffuse functions and gives a description for CO. The same methodology has been employed to study gold clusters and CO molecules [26, 27] . The combination of Becke's three-parameter hybrid functional incorporating the Perdew-Wang exchange and the correlation functional (B3PW91) [28 -31] has also been used successfully for the gold-doped palladium cluster in our early literature [13] . Furthermore, we also list the several exchange-correlation functions tested on the Au 2 , AuPd,and Pd 2 clusters in Table 1 . The bond length (1.124Å) and frequency (2222 cm −1 ) of CO based on the B3PW91 functional and 6−311+G (3df) basis set [9] , b see [32] , c see [33] , d see [34] .
are in good agreement with the experimental values of 1.128Å and 2143 cm −1 [34] , respectively. Therefore, all the calculations are performed at the level of the B3PW91 method (SDD for Au and Pd atoms and 6−311+G (3df) for C and O) in this study. In order to get the lowest energy structures of the Au n Pd + m clusters and their monocarbonyls, a large number of initial structures are checked for each size. Vibrational frequency calculations are performed on all geometries, and we verify that all the frequencies are positive, indicating a local minimum energy configuration for both bare and CO-covered clusters. The adsorption energy of CO on the Au n Pd + m cluster is calculated as
. All energies are modified with the zero-point energy correction. Due to a fairly large basis set with diffuse and polarization functions on carbon and oxygen atoms, the natural bond orbital (NBO) charges might be more reliable than the Mulliken charges.
Results and Discussions

Geometries of the Au n Pd + m Clusters and their Monocarbonyls
The ground state geometry is an important part in the field of cluster physics. Accordingly, we first study the ground state structures of the Au n Pd + m (n + m ≤ 6) and Au n Pd m CO + (n + m ≤ 6) clusters, which are shown in Figures 1 and 2 . Their corresponding electronic states and symmertries (Sym) are all presented in Table 2 . For the pure gold clusters with odd number of atoms, the spin state is a singlet, and it is a doublet otherwise. Due to a shrinking of the size of the s orbital and strong sd electron hybridization caused by the relativistic effect, Au + n clusters tend to be planar structures. This is in consistent with reported literature [35] . In contrast, due to the weak sd electron hybridization, Pd clusters tend to be three-dimensional. This trend is similar to that observed in Au-Cu bimetallic cations [19] .
Here we only enumerate the lowest-energy isomers for each size. In the process of CO adsorption, various adsorption sites including a gold atom, a palladium atom, two atoms being made up of a gold atom and a palladium atom, two palladium atoms, and three palladium atoms are displayed. Our optimized results show that a gold atom adsorption is the most favourable one in Au n CO + . The pure Au n CO + complexes keep planar geometries except Au 5 CO + , and the Au + 5 has the twisted X-shaped ground-state geometry after CO adsorption. These trends are consistent with the Au n Cu + m clusters [19] . The most stable structures of Pd m CO + clusters are three-dimensional except Pd 2 CO + , and their spin states are doublet. In our calculations, the three palladium atoms adsorption structure is energetically more favoured for the pure Pd m CO + complexes. This is possible due to that the 2π * orbitals of CO interacting with the surface electrons at the hollow site is stronger. This behaviour is similar to previous studies [36] . In addition, the optimized ground state geometries indicate that the bimetallic Au n Pd m CO + complexes have a gold atom, a palladium atom, and two atoms consisted of a gold atom and a palladium atom adsorption structures except AuPd 4 CO + which is a three palladium atoms adsorption. 3 Pd + cluster, the CO is adsorbed between a gold atom and a palladium atom but the bond length of Pd-C (1.87Å) is smaller than the bond length of Au-C (2.15Å).
Electronic Properties
In order to characterize the electronic structure of the considered clusters, the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) has been investigated. The HOMO-LUMO energy gap reflects the ability for electrons to jump from the occupied orbital to the unoccupied orbital and represents the ability of the molecule to participate in chemical reactions to some degree. From a catalytic perspective, systems with smaller HOMO-LUMO gaps tend to be more reactive. In Table 2 , we present the HOMO-LUMO gap for the clusters studied here, both without and with adsorbed CO. The results indicate that Au n Pd + m have smaller HOMO-LUMO energy gaps than their monocarbonyls except Pd Charge transfer is also an important quantity for studying the interaction between CO and the Au-Pd clusters. The natural bond orbital (NBO) charge population for adsorbed CO has been presented in Table 2 . For the Au + n clusters, the NBO charge population on adsorbed CO is positive, and the NBO charge on gold atoms has a decreasing trend after CO adsorption. This means that electron density flows from CO to the Au + n Fig. 3 (colour online) . CO adsorption energy versus the contents of Pd atoms for clusters with different sizes.
cluster. On the contrary, the Pd m CO + complexes show negative CO charge population and the Pd + m clusters have increasing trend for the NBO charge on palladium atoms after CO adsorption. This indicates that electron density flows from the Pd + m clusters to CO. The NBO charge population of the gold or palladium atoms in the bimetallic Au n Pd + m clusters and their monocarbonyls are different. It is very hard for us to draw any interesting conclusion from the calculations. We only find that the NBO charge population on CO is positive for all the bimetallic Au n Pd m CO + complexes except Au 3 PdCO + , Au 3 Pd 2 CO + , and Au 4 PdCO + . These exceptions show that the electron density flows from Au 3 Pd + , Au 3 Pd + 2 , and Au 4 Pd + to CO.
Adsorption Strength of CO and C-O Vibration Strength
To evaluate the adsorption strength of the Au n Pd + m clusters to the CO molecule, we calculate the adsorption energies of CO on the Au n Pd + m clusters. As shown in Figure 3 , when n + m = 2, 3, the adsorption energy increases along with increasing palladium content, while for n + m = 4, 5, there are weak increasing trends of the adsorption energy with the increasing palladium content. For the case of n + m = 6, the increasing palladium content makes the adsorption energy show an odd-even oscillation except for AuPd 5 CO + . Overall, the reactivity of gold clusters with CO was found to be enhanced after dopant of palladium in the Au n Pd m CO + complexes.
Moreover, the C-O stretching frequency and C-O bond length in Au n Pd m CO + complexes are also presented. As shown in Table 2 , compared with the values of free CO (2224 cm −1 and 1.124Å), the C-O frequency in pure Au n CO + complexes is increasing while the C-O bond length is reduced. The detailed analysis for C-O frequency and C-O bond length in the mixed Au n Pd m CO + complexes expresses as follows: for n + m = 2, 3, C-O frequency and bond length decreases and increases with increasing palladium content, respectively. When n + m = 4, except Au 2 Pd 2 CO + and AuPd 3 CO + , the behaviour of C-O frequency and bond length is similar to complexes with n + m = 2, 3. In the case of n + m = 5, except Au 2 Pd 3 CO + , there are decreasing and increasing trends for C-O frequency and C-O bond length. For n + m = 6, except Au 2 Pd 4 CO + and AuPd 5 CO + , the similar behaviour to the case of n + m = 5 for C-O frequency and bond length is also presented. In general, the strength of C-O vibration will decrease with increasing palladium content in Au n Pd m CO + complexes.
Conclusions
Based on the density functional theory (DFT) approach, the geometries, stabilities, and electronic properties of the Au n Pd + m clusters and their monocarbonyls have been systematically studied. The main conclusions are summarized as follows:
(i) The DFT calculations reveal that the most stable isomers for Au + n are the planar structures when n = 1 -6. However, for the lowest energy structures of mixed Au n Pd + m and Pd + m , the two-to three-dimension transition occurs at n + m = 4. In the process of CO adsorption, pure gold clusters and pure palladium clusters tend to be a gold atom adsorption and three palladium atoms adsorption, respectively. For the mixed Au-Pd clusters, a gold atom, a palladium atom, two atoms consisted of a gold atom and a palladium atom, two palladium atoms, and three palladium atoms adsorption structures are displayed.
(ii) By comparing the HOMO-LUMO gap of the Au n Pd + m clusters with their monocarbonyls, it can be predicted that the cluster monocarbonyls are more stable in chemical reactions than the bare clusters except Pd 2 CO + , Au 4 
